The dispersal of individuals among fragmented populations is generally thought to prevent genetic and demographic isolation, and ultimately reduce extinction risk. In this study, we show that a century of reduction in coastal old-growth forests, as well as a number of other environmental factors, has probably resulted in the genetic divergence of marbled murrelets (Brachyramphus marmoratus) in central California, despite the fact that 7 per cent of modern-sampled murrelets in this population were classified as migrants using genetic assignment tests. Genetic differentiation appears to persist because individuals dispersing from northern populations contributed relatively few young to the central California population, as indicated by the fact that migrants were much less likely to be members of parent-offspring pairs than residents (10.5% versus 45.4%). Moreover, a recent 1.4 per cent annual increase in the proportion of migrants in central California, without appreciable reproduction, may have masked an underlying decline in the resident population without resulting in demographic rescue. Our results emphasize the need to understand the behaviour of migrants and the extent to which they contribute offspring in order to determine whether dispersal results in gene flow and prevents declines in resident populations.
INTRODUCTION
Habitat loss and fragmentation are among the leading contemporary causes of extinction in vertebrates (Wilcove et al. 1998) . Small populations in remnant habitat patches may have elevated risks of local extinction owing to deterministic factors, such as edge effects, predation and nest parasitism (Wilcove 1985; Chalfoun et al. 2002; Fahrig 2003) , as well as increased susceptibility to demographic and environmental stochasticity (Lande 1993) . Inbreeding can also increase the probability of extinction in fragmented populations (Keller & Waller 2002) , and the loss of additive genetic variation can constrain adaptation to future environmental change (Lande & Shannon 1996) .
Movements of individuals among fragmented populations is thought to reduce extinction risk by increasing both local abundance (Brown & Kodric-Brown 1977) and genetic diversity (Westemeier et al. 1998; Madsen et al. 1999) . However, demographic frameworks for describing spatially structured populations generally assume that migrant and resident individuals are equivalent with respect to their contributions to subsequent generations (Pulliam 1988; Thomas & Kunin 1999) . Specifically, rescue effects expected from interpopulation movements are based on the assumption that migrants recruit into the breeding population and contribute sufficient offspring to increase population growth (Pulliam 1988) . Similarly, genetic rescue requires that migrants produce enough offspring so that gene flow balances the loss of genetic diversity in small populations (Allendorf & Luikart 2007) .
Migrants, however, may not recruit into the breeding population or successfully produce offspring (Dearborn et al. 2003) . Such individuals may simply represent temporary visitors (e.g. prospectors for breeding sites), seasonal migrants that return to their original breeding population the subsequent breeding season, or immigrants that attempt to recruit into the population but produce fewer young than residents (Nosil et al. 2005) . Dispersal among populations without the production of young by migrants is not expected to result in genetic and demographic rescue, may mask the continued erosion of a resident population, and may delay the implementation of conservation measures that could prevent extinction.
The marbled murrelet (Brachyramphus marmoratus) is a threatened seabird that nests in old-growth forests along the west coast of North America. This species has declined throughout much of its range owing to the loss of old-growth nesting habitat, nest predation by synanthropic species and changes in prey resources in the coastal waters where they forage Peery et al. 2004b; Piatt et al. 2007) . Extensive harvesting of old-growth forest since the late nineteenth century, particularly in the southern portion of the murrelet's range, has resulted in the geographical isolation of the central California population, which is now separated from the nearest substantial population to the north by several hundred kilometres (figure 1). Population size in central California estimated with at-sea surveys remained stable at approximately 600 individuals from 1999 to 2003, despite the fact that reproductive rates have declined by an order of magnitude over the past century . Reproductive rates are now well below mortality rates, suggesting that the population should decline rapidly in the absence of immigration from northern populations , and the number of close relatives is lower than expected according to a closed population model (Peery et al. 2008a) . Both results suggest that immigration from larger populations to the north helps sustain this population. Recently, Hall et al. (in press) used genetic assignment methods to show that migrants compose a significant component of the central California population. However, in spite of the murrelet's propensity to disperse among populations, the central California population is genetically distinct from northern populations (Friesen et al. 2005; Piatt et al. 2007) .
In this study, we determined how (i) habitat change and other factors have affected genetic population structure in marbled murrelets, (ii) structure has persisted despite measurable dispersal into central California, and (iii) dispersal affects both the viability and our perception of the viability of the central California population. To do so, we compared patterns of genetic variation in modern and historic murrelet samples and used genetic assignment and parentage methods to assess the reproductive contribution of migrants. We demonstrate that a century of habitat loss and other environmental factors have resulted in the genetic differentiation of marbled murrelets in central California despite regular dispersal from northern populations, probably because migrants contribute fewer offspring than residents.
MATERIAL AND METHODS
(a) Sampling and laboratory methods For modern analyses, we captured and sampled blood from 601 marbled murrelets at sea in five locations from southeast Alaska to central California in waters adjacent to known concentrations of old-growth nesting habitat from 1 April to 15 October 1997-2007 following methods described in Peery et al. (2006) (figure 1). For historic analyses, we sampled a small amount of tissue from the toepads of 192 murrelets that were collected at sea from central California to southeast Alaska and held in North American museum collections. Historical samples were collected from 1888 to 1940 in the same five regions and months of the year that modern sampling was conducted (figure 1). Murrelets were sampled at sea because capturing or collecting individuals inland near nests is not feasible given this species' secretive and crepuscular behaviour at cryptic nests placed high in the canopy (Whitworth et al. 1997) . However, multiple forms of evidence indicate that murrelets sampled at sea during the breeding season directly represent breeding populations and that loss of nesting habitat is expected to influence the genetic composition of individuals sampled at sea. First, murrelets captured and radio-marked at sea in central California (the population of primary interest) and northern California (the most probable source of migrants) generally nested or flew inland to prospect for nest sites in adjacent forests (Peery et al. 2004a,b; Hébért & Golightly 2008) . Second, radio-marked murrelets foraged on average only 6 and 20 km from the mouth of flyways used to access inland nesting habitat in central and northern California, respectively (Hébért & Golightly 2008; Peery et al. 2009 ). In comparison, there is an approximately 300 km gap in the at-sea distribution of murrelets between central and northern California populations, with very few birds found in intervening waters (Ralph & Miller 1995; Becker et al. 1997; Raphael 2006; Falxa et al. 2008) . While murrelets occasionally make long-distance movements of several hundreds of kilometres during the nesting season (Hébért & Golightly 2008; Peery et al. 2008b) , it was the objective of this paper to determine if such movements influenced population structure and estimates of population viability. Finally, the number of murrelets occurring at sea and flying inland to nest in a given inland area is strongly and positively correlated with the acreage of old-growth nesting habitat in that area at multiple spatial scales (Burger 2001; Raphael et al. 2002; Raphael 2006) . For these reasons, loss of nesting habitat is expected to reduce the number of murrelets occurring in Figure 1 . Historic (pre-European settlement; hatched areas) and current (green areas) distribution of potential murrelet nesting habitat in northwestern North America. The map of the distribution of murrelet habitat from Oregon to Alaska was developed by Inforain's rainforest mapping project (http://www.inforain.org/rainforestatlas/rainforestatlas/page4.html), and the distribution of murrelet habitat in California was developed by Fox (1996) . Also depicted are sample sizes for genetic analyses (n mod ¼ modern sample size, n his ¼ historic sample size), estimates of effective population size (N e ), and estimates of genetic population differentiation (F ST ) for marbled murrelets (B. marmoratus) sampled at five locations (solid red circles and red line) during both modern (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) and historic (1888 -1940) sampling periods. Sampling locations included southeast Alaska (AK), British Columbia/Washington (BC/WA), Oregon (OR), northern California (NC) and central California (CC). adjacent waters and influence the genetic composition of individuals sampled at sea accordingly.
The 1 April -15 October sampling window was chosen so that results would be comparable to previous demographic and genetic analyses in the region (Peery et al. , 2008a . Restricting sampling to this window also increases the likelihood that sampled individuals with foreign genotypes represented individuals attempting to recruit into the population that they were sampled from rather than postbreeding murrelets dispersing into the region to exploit foraging opportunities. The proportion of the population classified as migrants in central California does not increase until November, when murrelets from other populations begin arriving in the region en masse (Hall et al. 2009 ). All sampled murrelets were included in analyses regardless of breeding status because brood patches (the only recognizable external indicator of reproduction) are not visible in museum specimens and the probability of being of migrant origin does not differ between brood patch and non-brood patch murrelets (Hall et al. 2009 ). All age classes were included because, even though young birds have a greater dispersal propensity (Hall et al. 2009 ), they are the most probable age class to attempt to recruit into another population. The pattern of increasing genetic divergence in central California was evident regardless of the inclusion of juveniles (see below).
Modern samples were amplified and genotyped at up to 16 tetranucleotide microsatellite loci using primers developed by Rew et al. (2006;  see the electronic supplementary  material, table S2 ). Historic samples were amplified at a subset of nine of these loci. Tissue sampling and DNA extraction procedures; steps used to minimize contamination, errors in allele scoring and allelic dropout; as well as polymerase chain reaction conditions are described in appendix S1 in the electronic supplementary material.
(b) Temporal comparisons of within-and among-population genetic variation To test for changes in among-population genetic variation over the past century, we used the program GDA v. 1.1 (Lewis & Zaykin 2001) to estimate F ST for each pairwise comparison among the five populations in both the historic and modern sampling periods. To test for a loss in withinpopulation genetic diversity, we compared the number of alleles present per locus (allelic richness) in modern versus historically sampled marbled murrelet populations for the nine loci sampled in both periods. The absolute number of alleles detected was not directly comparable between periods because more individuals were sampled in the modern period. Therefore, we randomly re-sampled a number of gene copies from the modern sample that was equal to the number of historically sampled gene copies with replacement and repeated this process 500 times. We then determined how many loci had more alleles in the historic sample than the upper 95% CL for the bootstrapped modern sample.
We used coalescent simulations implemented in program SIMCOAL2 (Excoffier et al. 2000) to determine if observed changes in genetic population structure between central California and larger populations to the north (see below) were plausible given several possible models of demographic history for marbled murrelets. When simulating multilocus genotypes, we assumed that, 12 generations in the past, a small population representing central California split from a large historic and equilibrium population of N e ¼ 367 500. We simulated two different levels of migration between these populations following the bottleneck, one in which the two populations exchanged no migrants and one in which they exchanged five migrants per generation. A historic N e of 367 500 was derived using N e ¼u/4m assuming that (i) the mutation rate, m, equalled 10 25 mutations per locus per generation and microsatellites evolved according to a stepwise mutation model, and (ii) genetic diversity, u, equalled 14.7 (95% CI ¼ 4.7-24.7) based on the magnitude of variation in microsatellite repeats among gene copies in the historic sample (u ¼ 2V s , where V s was the variance in repeat number; Di Rienzo et al. 1994) . The estimator based on the variance in repeat number was used because it is robust to deviations from a stepwise mutation model (Kimmel & Chakraborty 1996) . We explored a range of N e 's for the smaller population ranging from 50 to 500, by increments of 50, reflecting probable post-bottleneck N e 's in central California (see below). F ST was then calculated for each simulated dataset and compared with F ST estimated from the empirical data.
(c) Estimating effective population size We estimated temporal-N e based on the magnitude of change in allele frequencies between historic and modern sampling periods (Waples 1989) . We estimated temporal-N e for the four populations from northern California to southeast Alaska combined because no population structure was detected based on modern or historic samples in this region (see below). To estimate temporal-N e , we used pseudo-likelihood estimation procedures implemented in program MLNE 2.3 (Wang 2001; Wang & Whitlock 2003) . This approach provides an estimate of temporal-N e assuming that a relatively small population and a population of infinite size were connected by migration; the smaller population was sampled on multiple occasions and the larger population was sampled on a single occasion. We applied this logic to the estimation of effective population size in central California, where samples from northern California to southeast Alaska were considered to represent the population of infinite size. The approach also provides an estimate of temporal-N e for a single isolated population assuming Nm ¼ 0 and temporally spaced samples are available. We applied this logic to northern populations because the most probable rate of gene flow was equal to zero based on coalescent simulations (see below). Temporal-N e estimators assume nonoverlapping generations, an assumption that was violated for murrelets. The direction of the bias depends on the species' life history and the sampling design, but biases are small when samples are separated by five or more generations (Waples & Yokota 2007) , and approximately 12 generations separated the average sampling date in the modern and historic sampling periods (see the electronic supplementary material, table S3) assuming a generation time of eight years (generation time was estimated using equation 2.6 in Ebert (1999) and demographic parameters in Peery et al. (2006) ). Temporal-N e provides an estimate of the harmonic-mean N e between sampling periods (Wang 2005) , and is therefore expected to produce an estimate more closely reflecting the population size in the second sampling period for declining species.
(d) Identifying migrants and measuring reproductive contribution We used genetic assignment methods to identify putative migrant and resident individuals with program GENECLASS2 (Piry et al. 2004 ) following methods described in Hall et al. (2009) . We then assessed the extent to which migrant individuals recruited into and successfully reproduced in the central California breeding population (i.e. gene flow occurs) by determining how many migrants had a parent or offspring present in the population. Parents do not appear to care for young after fledging , so it is unlikely that both a parent and offspring originating from another population would be sampled in the relatively small central California population. Pairs of individuals sharing at least one allele at all loci were considered to be probable parent -offspring dyads. In a previous study, we used Monte Carlo simulations to demonstrate that less than 10 per cent of putative parent -offspring dyads share an allele at all loci by chance and represent 'false matches' given the 16 microsatellite loci considered here (Peery et al. 2008a ).
RESULTS
Mean observed and expected heterozygosity were very similar between modern and historic populations (see the electronic supplementary material, Estimates of F ST can be sensitive to the level of within-population heterozygosity and comparisons of differentiation among groups using F ST can be misleading if, for example, markers, species or populations with different levels of genetic variation are compared (Jost 2008) . However, all five murrelet populations had very similar levels of heterozygosity in both the modern and historic samples, and differentiation estimated with D est (Jost 2008 ) yielded similar inference as F ST (see the electronic supplementary material, table S4).
The observed increase in F ST between central California and northern populations was consistent with expectations given our estimate of temporal-N e in central California (N e ¼ 155, 95% CI 93 -266; figure 2). For example, the 95% CI for the estimated F ST overlapped the 95% CI for the F ST of simulated populations with N e m ¼ 0 when N e ranged from 100 to 200 (figure 2). The 95% CI for the estimated F ST also overlapped the 95% CI for the F ST of simulated populations with N e m ¼ 5, but only very slightly and only when N e ¼ 100 (i.e. very near the lower 95% CL of the estimated temporal-N e ). Thus, the observed increase in F ST could have occurred even under the homogenizing influence of a low level of gene flow, but is unlikely to have occurred if N e m . 5.
Concurrent with the increase in genetic divergence between central California and northern populations, alleles were lost at three of the nine microsatellite loci between historic and modern sampling in central California, and allelic richness declined by an average of 6.9 per cent across loci (see the electronic supplementary material, table S5). Alleles were only lost at one locus between historic and modern sampling for the northern populations, and allelic richness declined by an average of 4.5 per cent across loci (see the electronic supplementary material, table S5). A significantly lower proportion of murrelets classified as migrants in central California were involved in parentoffspring pairs (2 of 19 or 10.5%) than residents (114 of 251 or 45.4%, x 2 1 ¼ 8:78, p , 0.003) in the modern sample, indicating that migrants contributed fewer offspring to this population than residents. Two migrants possessed a parent or offspring in the population, but approximately two residents were expected to be mistakenly classified as migrants and about 10 per cent of putative parent-offspring dyads were probably type I errors (Peery et al. 2008a; Hall et al. 2009 ). Thus, it is possible that no migrant actually possessed a parent or offspring in the sample.
Murrelet population size averaged 572 individuals from 1999 to 2003 based on at sea surveys, and experienced a non-significant increase during this period using simple linear regression (F 1,3 ¼ 2.51, p ¼ 0.087, r 2 ¼ 0.68; figure 3 ; Peery et al. 2006) . To determine if increasing dispersal compromised our ability to detect a population decline from 1999 to 2003, we conducted Monte Carlo simulation-based power analyses with and without a 1.4 per cent annual increase in the proportion of migrants in the population (see appendix S2 in the electronic supplementary material). Indeed, the increase in the proportion of migrants that we observed from 1999 to 2003 appreciably reduced statistical power to detect 3-8% annual declines. The reduction in power to detect population declines was greatest for 5 per cent annual declines when dispersal reduced power by 71 per cent (figure 4). 
DISCUSSION
Historically, murrelets from southeast Alaska to central California constituted a single genetically undifferentiated population, but during the twentieth century central California murrelets diverged from northern populations and are now moderately genetically differentiated (F ST ¼ 0.032). Coalescent simulations suggested that the current level of genetic differentiation between central California and northern populations was owing to (i) the enhanced effects of genetic drift given the small effective size of the central California population during the past century, and (ii) low levels of gene flow. Indeed, both a reduction in N e and limited gene flow were needed to generate the observed change in F ST (figure 2). A decline in N e in central California is supported by the loss of alleles at three of nine loci between historic and modern sampling, compared with a loss of alleles at only one locus in northern populations, which despite recent declines still numbers in the hundreds of thousands (Piatt et al. 2007 ). Ecologically, a reduction in N e in central California is supported by an order of magnitude decline in reproductive rates between historic and modern sampling Hall et al. 2009 ). In addition, approximately 90 per cent of nesting habitat was removed, nest predator populations increased dramatically, prey availability declined and significant mortalities owing to oil spills and gillnetting occurred Peery et al. 2004b; . Limited gene flow between northern populations and central California could have occurred owing to the removal of large amounts of old-growth forest in the approximately 300 km long region between central and northern California populations (figure 1). This region represents the most probable source of migrants based on proximity, but now only contains about 135 murrelets based on at-sea surveys (Falxa et al. 2008) . The existing gap in nesting habitat in this region could also reduce gene flow from populations farther to the north if, historically, migration occurred according to an isolation-by-distance model (Friesen et al. 2005) .
The increase in genetic divergence occurred despite regular dispersal of individuals into central California. Specifically, the increase in divergence suggested that five or lesser effective migrants entered the population per generation (i.e. approx. 0.63 migrants per year). By contrast, the proportion of migrants detected in central California with assignment tests in April -October (0.07) suggested that 41 migrants were present during this period, assuming a population size of 582 . However, the former approach measures the number of effective migrants (i.e. gene flow or the number of migrants that reproduce at the same rate as residents), whereas the latter approach measures the number of migrant individuals present, regardless of their reproductive contribution. The discrepancy between the two estimates very probably occurred because migrants contributed proportionally fewer young than residents, as indicated by the fact that migrants were less likely to be members of a parent-offspring pair than residents (10.5% versus 45.4%). In theory, the effective migration rate could have been higher than indicated based on the small number of migrants in central California (two) that were detected with a parent or offspring also present in the population if murrelets in central California experienced inbreeding depression, and matings between migrants and residents resulted in offspring with comparatively high fitness (Ingvarsson & Whitlock 2000) . However, there is little evidence that inbreeding occurred in central California as mean observed heterozygosity in central California was high (0.753, n ¼ 270) and nearly identical to expected heterogygosity (0.763).
Does dispersal into central California result in insignificant levels of gene flow because migrants represent (i) temporary visitors that do not attempt to breed, or (ii) immigrants into the breeding population that have comparatively low reproductive success? Either scenario would explain the observation that migrants were involved in proportionately fewer parent-offspring pairs than residents. Some migrants probably do breed in central California, as the only migrant for which breeding information was available (from radio-telemetry) attempted to nest in the Santa Cruz Mountains (Peery et al. 2004b) . If significant numbers of migrants do attempt to breed in central California, their reproductive success could be lower than residents owing to outbreeding depression (Nosil et al. 2005) , competition with residents for breeding sites (Fretwell & Lucas 1970) or a lack of adequate knowledge of local predators and foraging resources (Stamps 2001 ). Although we restricted our sampling period to reduce the number of post-breeding murrelets dispersing from other populations, some migrants could have represented temporary visitors from other populations that exploited central California waters for foraging. Indeed, approximately 9 -13% of nonbreeders and post-breeders in central California made temporary long-distance movements up to several hundred kilometres along the coast during the period in which genetic sampling was conducted (April -October; Peery et al. 2008b) . Without long-term observations of the behaviour and breeding histories of migrant individuals, the relative proportion of breeding versus nonbreeding migrants in central California is uncertain.
Regardless of the extent to which migrants represented seasonal dispersers or immigrants that attempted to recruit into the breeding population, the increasing trend in the proportion of migrants may have Decoupling of migration and gene f low M. Z. Peery et al. 703 compromised our ability to detect an underlying decline in the resident central California population with at-sea surveys between 1999 and 2003. In the absence of immigration, the population was projected to decline rapidly (9.5% annually), because very low reproductive rates did not compensate for mortality rates . However, there was considerable sampling uncertainty around the estimate of the rate of decline (95% CL 0-20%), and we suspect that the actual rate of decline was less than 8 per cent because we had 80 per cent or more power to detect 8 per cent or more declines. Assuming the population decline indeed was less than 8 per cent per year, the 1.4 per cent annual increase in the proportion of migrants reduced our ability to detect population declines appreciably (figure 4). For example, a 5 per cent annual population decline was 71 per cent more likely to be detected when no increase in migrants occurred than when the proportion of migrants increased by 1.4 per cent per year. Thus, the confounding effects of dispersal on population counts may have contributed to a false impression that central California was a stable (albeit sink) population (Peery et al. , 2008a . Previous demographic and genetic research yielded contradictory results, at least superficially, with respect to the level of demographic independence among marbled murrelet populations. Specifically, Friesen et al. (2005) suggested that central California should be designated as a separate management unit because population structure was detected using neutral genetic markers. By contrast, Peery et al. (2006 Peery et al. ( , 2008a suggested that central California may be a sink population sustained by immigration based on demographic and kinship analyses. The present study clearly reconciles these differences by demonstrating that significant dispersal does occur into central California, but also that dispersing individuals, whether they be seasonal migrants or immigrants that attempted to breed, are involved in few parent-offspring pairs and result in too little reproduction to rescue the population (0.63 or lesser breeding migrants per year). Moreover, the population is not viable because mortality rates greatly exceed birth rates, and dispersal will only mask the underlying decline in the resident population. For these reasons, we agree with Friesen et al. (2005) that central California should be treated as a separate management unit.
Changes in genetic population structure detected in this study are supported by a growing body of research indicating that the spatial distribution of genetic variation in species occurring in fragmented landscapes is due, in part, to the disruption of gene flow across historically contiguous landscapes (Keyghobadi 2007 ). Significant changes in structure can occur within short time frames, even when effective population size remains reasonably large (e.g. within 12 generations for an effective population size in the hundreds of individuals for marbled murrelets). Moreover, dispersal ability does not necessarily translate into genetic resilience in the face of habitat fragmentation, even for vagile species that can and do move among populations (Hoehn et al. 2007; Lindsay et al. 2008) .
It is well accepted in conservation biology that dispersal among fragmented populations can result in the genetic and demographic rescue of endangered populations. However, our study indicates that the movement of individuals does not necessarily prevent the loss of genetic diversity and maintain population viability if dispersers do not recruit into the breeding population and produce offspring. Without information on the contribution of migrants to local population dynamics and genetic diversity, dispersal can confound monitoring efforts by masking population declines. Consequently, assessing the reproductive contribution of both residents and migrants in endangered populations may be required to detect local population declines in sufficient time to implement appropriate conservation measures. Identifying migrants and their offspring is now comparatively straightforward using genetic methods and in many cases requires only a modest increase in effort. This can be true even in elusive species such as the marbled murrelet for which we were able to identify migrants and their offspring using a combination of assignment methods and kinship approaches. 
